Purpose-Increased vascularity is a hallmark of renal cell carcinoma (RCC). Microvessel density (MVD) is one measurement of tumor angiogenesis, however its utility as a biomarker of outcome is unknown. ECOG-ACRIN 2805 (E2805) enrolled 1,943 resected high-risk RCC patients randomized to adjuvant sunitinib, sorafenib, or placebo. We aimed to determine the prognostic and predictive role of MVD in RCC. Conclusions-High MVD in resected high-risk RCC patients is an independent prognostic, rather than predictive, biomarker of improved OS. Further studies should assess whether incorporating MVD into clinical models will enhance our ability to predict outcome and if low MVD can be used for selection of high risk patients for adjuvant therapy trials.
INTRODUCTION
Renal cell carcinoma (RCC) is rising in incidence. In 2017, an estimated 64,000 new cases will be diagnosed and over 14,000 patients will die of RCC (1) . At initial diagnosis, RCC is either confined to the kidney (65%), spread to regional lymph nodes (16%), or has already metastasized (16%), with associated 5-year survival rates of 93%, 66%, and 12%, respectively (2) . There is currently no FDA-approved standard adjuvant therapy with proven long-term benefit to reduce the risk of recurrence or enhance survival for patients who undergo complete resection of localized or loco-regional RCC. Moreover, it is often difficult to identify which patients with high-risk features are likeliest to recur.
The strongest prognostic factors for RCC include stage and Fuhrman grade (3, 4) , which are incorporated into RCC prognostic models including the UCLA integrated staging system (UISS), which integrates American Joint Committee on Cancer (AJCC) stage, Eastern Cooperative Oncology Group (ECOG) performance status, and Fuhrman grade (5) , and the Stage, Size, Grade, and Necrosis Score (SSIGN) (6, 7) . With the exception of tumor grade, no tissue-based prognostic markers are currently utilized in clinical practice. Even early stage RCCs pose a sizeable risk for recurrence and metastasis (8) , yet no tools exist to further identify the most susceptible patients. Identification of additional biomarkers is warranted to more accurately risk-stratify RCC patients in order to intensify surveillance strategies in patients most likely to recur and to select the highest-risk patients for adjuvant therapies.
Activation of the vascular endothelial growth factor (VEGF) and other growth factor signaling pathways is known to be one basis for the highly vascular nature of clear cell RCC. The von Hippel Lindau (VHL) tumor suppressor gene is mutated in 60-80% of cases of sporadic RCC (9) . Under normal and normoxic conditions, the VHL protein targets hypoxia-inducible transcription factors (HIF) for destruction via the E3 ubiquitin-ligase complex. When VHL is mutated, this complex no longer functions and HIFs accumulate, particularly in the hypoxic conditions of malignancy. HIFs regulate downstream targets including VEGF and other growth factors and are therefore highly implicated in tumor angiogenesis and tumor growth in RCC (9) . It is unclear whether biomarkers characterizing tumor angiogenesis such as microvessel density (MVD) could aid in RCC prognostication or predict response to anti-angiogenic therapies. MVD has been associated with prognosis in a number of malignancies (10) , however its role in RCC remains controversial.
In metastatic RCC, therapies targeting angiogenesis pathways have demonstrated clinical efficacy with the use of tyrosine kinase inhibitors (TKI) that target VEGF receptors (sunitinib, pazopanib, sorafenib, axitinib, cabozantinib, lenvatinib) or the monoclonal antibody to VEGF, bevacizumab (11) . However, study of the efficacy of anti-angiogenic TKIs in the adjuvant setting has produced contradictory results (12) (13) (14) , although several trials are still ongoing (NCT00492258, NCT01599754) (15) . These drugs have a high rate of toxicity, and given their questionable activity in the adjuvant setting, prognostic and predictive biomarkers are needed for enhanced patient selection to improve their therapeutic window.
ECOG-ACRIN 2805 (E2805) was a phase 3 trial that studied adjuvant sunitinib, sorafenib, or placebo in patients with resected high-risk RCC (12) . The trial did not demonstrate benefit from adjuvant sorafenib or sunitinib. The purpose of the current study was to determine the prognostic and predictive role of MVD in nephrectomy specimens collected from patients enrolled on E2805.
MATERIALS AND METHODS

Patients and Study Design
E2805 was a phase III clinical trial that enrolled 1,943 patients from 2006-2010 who underwent complete resection of high-risk, non-metastatic clear cell or non-clear cell RCC. The high-risk category was defined in accordance with the American Joint Committee on Cancer's (AJCC) staging criteria as pathological stage pT1N0 high grade to pT2 (any grade) N0 and above. Patients were required to have an ECOG performance status of 0-1, normal liver and hematologic function, and a creatinine clearance of at least 30 mL per minute. No prior therapies were allowed (12) . Institutional review boards at each of the 226 participating study sites approved the study and written informed consent was obtained for specimen collection. This study was conducted in accordance with the ethical guidelines outlined by U.S. Common Rule.
Treatment and Assessment of Response
Patients were randomized 1:1:1 in a double-blind fashion to receive a planned 54 weeks of adjuvant therapy with sunitinib (n=674) 50mg daily for 4 weeks of each 6-week cycle, sorafenib (n=649) 400 mg twice a day continuously, or placebo (n=647). Due to toxicity, starting doses were amended in May 2009 to 37.5 mg for sunitinib and 400 mg daily for sorafenib for the first one to two cycles and doses were escalated if toxicities were grade 2 or less. Surveillance imaging was performed with CT of the chest and CT or MRI of the abdomen and pelvis every 18 weeks while on treatment, every 6 months for two years, and yearly for 10 years. Primary endpoints included disease-free survival (DFS), including time to recurrence or development of a second primary cancer. Secondary endpoints included overall survival (OS), DFS for the clear cell RCC subgroup, and rates of adverse events. The remainder of the patient profile and study design has been previously described (12) .
Tissue Microarray (TMA) Construction
Pre-treatment formalin-fixed paraffin embedded tumor biopsies were obtained from primary RCC specimens. Following formal central review, a pathologist determined a representative region from each tumor for inclusion on the TMA and avoided areas of necrosis or hemorrhage. Three cores from each tumor measuring 1 mm each in diameter were used. TMA blocks were cut into 5-µm sections and placed on glass slides using an adhesive tapetransfer system with UV cross-linking.
Immunofluorescence
The CD34 mouse monoclonal antibody (Class II Clone QBEnd 10; dilution 1:50; Dako, Santa Clara, CA) was used to measure MVD. Western blotting was performed on a panel of cell lines to determine antibody specificity and to verify binding to a single band at the anticipated molecular weight (not shown), as previously described (16) .
Slides were individually stained for CD34 to determine MVD. Staining was performed as described (16) (17) (18) (19) . Sets of three slides, each containing a core from different areas of tumor for the same patient were de-paraffinized and hydrated followed by antigen retrieval in a pressure cooker containing 6.5mM sodium citrate, pH 6.0 buffer. Slides were placed in 2.5% hydrogen peroxide for 30 minutes and in 0.3% bovine serum albumin/1X Tris-buffered saline for 1 hour at room temperature. Incubation with primary antibody diluted in 0.3% bovine serum albumin/1X Tris-buffered saline was carried out overnight at 4°C. Goat antimouse horseradish peroxidase-decorated polymer backbone (Envision, Dako) was utilized to detect the primary antibody and was followed by incubation with Cy5-tyramide (PerkinElmer Life Science Products) and activated by horseradish peroxidase for target visualization. To generate the tumor mask, an antibody cocktail of mouse species was used including anti-cytokeratin (Dako, dilution 1:200), anti-CAIX (gift from Jan Zavada, dilution 1:1000), anti-CD10 (Dako, dilution 1:500) and Streptavidin HRP (Sigma-Aldrich, dilution 1:200). Anti-mouse amplification reagent (Envision, Dako) and Cy2-tyramide (Perkin-Elmer Life Science Products) were used to visualize the tumor mask staining. Slides were sealed with coverslips with ProLong Gold antifade reagent containing 4′,6-Diamidino-2-phenylindole (DAPI) (Invitrogen) which allowed visualization of nuclei.
Automated image acquisition and analysis
Images were analyzed by methods previously described (20) . Briefly, monochromatic, highresolution images for DAPI, Cy2, and Cy5 channels were captured for each histospot. A tumor mask was created by binarizing the Cy2 signal and creating an epithelial compartment. DAPI was used to identify the nuclear compartment within the tumor mask. CD34-staining cells were visualized with Cy5. MVD scores in the tumor compartment were calculated by dividing the area of CD-34 positivity by the area of tumor positivity. Histospots with limited amount of tumor tissue (<3%) were excluded from the analysis.
Data analysis
To measure MVD, we determined the area of CD34 coalescence within the tumor mask, averaged for each patient and dichotomized at the median. DFS was defined as time from registration to first recurrence, second primary malignancy, or death, with patients censored at the time of last disease assessment. OS was defined as time from registration to death. Patients were censored at the last date known alive. Survival estimates were obtained with the Kaplan-Meier method. Survival differences were assessed with a stratified log-rank test.
Associations between MVD and clinical (age, gender, and pre-and post-surgery serum calcium and LDH levels) or pathologic (RCC histologic subtype, tumor size, Fuhrman grade, presence or absence of sarcomatoid features, lymphovascular invasion, and necrosis) parameters were examined by the Fisher's exact and Wilcoxon rank tests. Using dichotomized values for MVD, univariate stratified Cox proportional hazards methods were used to estimate unadjusted hazards ratios (HR) for DFS and OS for each marker. Seeing that MVD was found to be significant on univariate analysis for OS, we incorporated MVD into multivariable Cox models using established UISS prognostic factors for RCC, adjusting for T stage, N stage, Fuhrman grade, and performance status, as well as age, gender, and vascular invasion. For correlations of MVD with survival and clinicopathologic characteristics, the Holm-Bonferroni method was used to control the familywise error rate and determine adjusted p-values. No adjustments were made elsewhere. P-values less than or equal to 0.05 were considered statistically significant.
RESULTS
Patient Population
Adequate primary RCC tissue was available from 822 patients on E2805. Baseline patient and disease characteristics are summarized in Table 1 . There were more males (65%) than females (35%) and the median age was 56. The predominant histologic subtype was clear cell RCC (82%), followed by papillary (8%) and chromophobe (4%) histologies. Roughly two-thirds (62%) of tumor specimens were classified as high Fuhrman grade (3) (4) . Treatment arms were distributed evenly amongst the 822 patients: sunitinib (n=273), sorafenib (n=272), and placebo (n=277).
In comparing patient and disease characteristics of the non-TMA cohort (n=1,121) to the TMA cohort, there were slightly more chromophobe (n=80, 7% vs. n=31, 4%) and clear cell (n=864, 77% vs. n=676, 82%) RCCs (p=0.003) included as well as those of slightly higher Fuhrman grade of 3-4 (n=778, 69% vs. n=512, 62%) (p=0.001). There were otherwise no significant differences in sex, age, pathologic T or N stage, presence of sarcomatoid features, or treatment arm distribution in the non-TMA cohort compared to the TMA cohort.
Association between MVD and survival outcomes for patients on all treatment arms
Of the 822 patients, 319 (38.8%) developed disease recurrence. There were no significant differences in DFS for high vs. low MVD (HR 0.94; 95% CI 0.76-1.17; p=1.00), however high MVD was associated with improved OS (HR 0.63; 95% CI 0.47-0.85; p=0.021). Overall, high MVD conferred improved 5-year OS rates (83.7%) compared to low MVD (76.2%) (Figure 1 ). Representative MVD immunofluorescence in RCC nephrectomy specimens is demonstrated in Figure 2 , showing examples of high and low MVD.
Given the known intratumor mutational heterogeneity in RCC, we examined intratumor differences in MVD. The median log MVD was 1.29 and the median standard deviation (SD) was 0.35, with an interquartile range of 0.19-0.58. Overall, intratumor differences in MVD score were therefore fairly small, without wide variability.
MVD was divided into quartiles to further explore the strength of the association between MVD and OS for the entire cohort. As demonstrated in Figure 3 , a statistically significant difference remained for OS (p=0.028), with the two higher MVD quartiles demonstrating improved OS compared to the two lower MVD quartiles. This further justifies use of the median as a cut point for MVD.
Multivariable analysis for overall survival
Because MVD was significantly associated with OS on univariate analysis, we performed multivariable analyses to identify whether MVD remained independently prognostic for OS. UISS factors including T and N stage, ECOG performance status, and tumor grade as well as age, gender, and presence of vascular invasion were assessed in a Cox model, as shown in Supplementary Table 1. MVD was then separately incorporated into the multivariable model that included these variables. MVD remained independently associated with OS (p=0.013, Table 2 ) and therefore improved the prognostic model.
MVD and association with outcomes by treatment arm
Next, we investigated whether the association between MVD and OS was affected by treatment with sunitinib or sorafenib. MVD remained significantly associated with improved OS in patients treated on the placebo arm (p=0.028). High MVD had a weaker association with OS in patients treated with adjuvant anti-angiogenic agents (p=0.06). Overall, high MVD is prognostic in the entire cohort, more strongly in the placebo group compared to the treatment group. MVD does not serve as a predictive marker in this cohort.
Association between MVD and clinical or pathological variables
There were no significant differences in patient age, gender, or pre-or post-surgery serum calcium or LDH levels by MVD. Associations between MVD and pathological variables are shown in Figure 4 . MVD was highest in RCCs of the clear cell histologic subtype, compared with other histologic types (p<0.001) (Figure 4a ). There was no association between MVD and small versus large tumors when comparing T1 (≤7 cm) to T2 or larger (>7 cm) primary RCCs. MVD was significantly higher in Fuhrman grade 1-2 RCCs compared to RCCs of grade 3-4 (p<0.001) (Figure 4b ) and also higher in RCCs without necrosis (p<0.001) ( Figure 4c ). There were no significant associations between MVD and presence of sarcomatoid features or lymphovascular invasion.
DISCUSSION
We studied the prognostic and predictive value of MVD in nephrectomy specimens from patients enrolled on E2805. Our data demonstrated that MVD, as determined by area of MVD within the tumor, was an independent prognostic marker in high-risk RCC patients and appears to improve accuracy of current RCC prognostic models. The stronger association between MVD and survival in the placebo arm compared with the treatment arm indicates that MVD is a prognostic, rather than predictive, biomarker in this setting.
Surgery alone is the current mainstay of therapy for localized RCC. The majority of highrisk RCC patients undergo surveillance following surgical resection, unless enrolled on adjuvant trials. Retrospective data from over 3,600 non-metastatic RCC patients have demonstrated that about 30% recur, and up to one-third of recurrences are not captured by guideline-based surveillance practices (21) . These data argue for further refinement of RCC prognostic models, perhaps through measurement of tissue-based biomarkers. The 5-year survival rates for stage I, II, and III RCCs based on the UISS prognostic model are estimated to be 94%, 67%, and 39%, respectively (5). Foreseeing which individual patients in each stage grouping will recur is a challenge. More accurate prognostic models could also better define which RCC patients should be enrolled on adjuvant therapy clinical trials. At this time, no adjuvant therapies are FDA-approved to address these recurrence statistics in highrisk RCC patients, but clinical investigations are ongoing.
To date, two major trials studying adjuvant anti-angiogenic TKIs in RCC have been published (12,13) with conflicting results, and results of a third trial were recently reported (14) . The ASSURE trial (ECOG-ACRIN E2805), from which our study population was obtained, found no differences in median DFS or 5-year OS rates among high-risk RCC patients treated with adjuvant sunitinib, sorafenib, or placebo (12) . In contrast, the S-TRAC trial evaluated adjuvant sunitinib compared to placebo in high-risk RCC patients and found a significant improvement in DFS for adjuvant sunitinib over placebo (6.8 vs. 5.6 years, HR 0.76, 95% CI 0.59-0.98), however OS data are not yet mature. Treatment discontinuation rates due to toxicity were high in both studies. Initial data from PROTECT, the third adjuvant RCC trial, reported a 31% decreased risk of recurrence in high risk patients who received pazopanib 800 mg daily, however the pazopanib starting dose for the trial was reduced to 600 mg daily for tolerability and did not meet the DFS endpoint (14) . Other studies testing anti-angiogenic agents in the adjuvant setting have not yet matured, including trials of sorafenib (SOURCE NCT00492258) and axitinib (ATLAS NCT01599754) (15, 22) . There is an ongoing need to identify biomarkers that can distinguish those RCC patients at highest risk of recurrence to better tailor surveillance strategies and direct the highest risk patients towards adjuvant therapy clinical trials, given the cost and toxicities associated with TKI use.
In our study population of high-risk RCC patients from the ASSURE trial, MVD in primary nephrectomy specimens was determined to be an independent prognostic marker, with high MVD portending improved prognosis. MVD has previously been examined as a prognostic biomarker in RCC, with conflicting results. Published literature has suggested an inverse correlation of MVD with survival in RCC (23) (24) (25) , no correlation (26) , and even a positive association (27) (28) (29) (30) (31) . For example, MVD was measured by CD34 in 70 primary RCCs and high MVD was associated with improved survival, however it was not independently prognostic (30) . Delahunt et al. measured MVD by factor VIII expression by immunohistochemistry on 150 clear cell RCCs and higher MVD also correlated with prolonged OS (29) . The disparate results in the literature are likely related to nuances in methodology including use of different markers for MVD (CD34, CD31, CD105, or von Willebrand factor), whether MVD was assessed in the center or at the perimeter of the tumor or in areas of hemorrhage or necrosis, and use of small sample sizes with potentially heterogeneous RCC patient populations (10) . We used CD34 to measure MVD as it had previously been shown by us and others to be specific and reproducible for quantitating tumor vasculature (32, 33) . Moreover, the published series were all from single institutions, as opposed to our large cohort, multi-institutional study of patients who underwent uniform surveillance on a clinical trial.
Higher MVD in RCC is thought to reflect increased activity of the VEGF/VEGFR signaling pathway, driving tumor vascularization. However, the rate of tumor growth does not necessarily imply high MVD (10, 34) . High MVD in our study was associated improved OS, and likely reflects better tumor differentiation. This is consistent with other instances in which higher levels of markers involved in the malignant process are associated with better prognosis, such as improved survival of breast cancer patients whose tumors express Bcl-2 or hormone receptors (35, 36) . Bcl-2 and hormone receptor expression are lost in poorly differentiated breast cancers. Our study further emphasizes that RCC tumors of higher grade actually have lower MVD, indicating that high MVD might be a marker of less aggressive tumor biology.
We note that MVD was associated with OS, but not DFS. Our data indicate that MVD is purely a prognostic marker in this setting, and is likely a hallmark of better tumor differentiation. While it might be assumed that a marker of less aggressive tumors should also be associated with longer DFS, it is plausible that MVD is only important in the setting of macroscopic metastatic tumor growth, and less important for tumor cell growth in the time between nephrectomy and overt metastatic recurrence. Based on the timing of this trial, we assume that at metastatic relapse, many of these patients were treated with VEGFreceptor inhibitors, although data on subsequent treatment in this cohort of patients are not available to us. High MVD has been shown by us and others to be associated with response to VEGF-receptor inhibitors, and prolongation of OS might be due to benefit from these drugs in the metastatic setting in patients with higher MVD (37) , resulting in an association between high MVD and OS but not DFS. MVD in our study did not appear to be predictive of sensitivity to adjuvant sorafenib or sunitinib. We note, however, that this study was conducted in the setting of microscopic metastatic disease or no metastatic disease, and activity of these drugs might depend on presence of viable tumor blood vessels (10) . Our measurements of MVD, particularly in resected tumors, may not necessarily distinguish higher from lower density in microscopic metastases. Pre-clinical evidence has demonstrated that poorly vascularized tumors can respond to antiangiogenic therapy just as well as highly vascularized tumors (38) , but whether this concept is applicable in the adjuvant setting is not clear. Based on our data, we conclude that MVD may not be a useful marker in predicting tumor sensitivity to antiangiogenic therapy in the adjuvant setting, but does carry independent prognostic value. Low MVD was found in a poor prognostic patient group that may be well served by enrollment on adjuvant clinical trials with agents such as immunotherapy or other investigational drugs. Patients with low MVD tumors, however, do not appear to benefit from VEGF-R targeting adjuvant therapies.
The strengths of this study are the use of a large cohort of over 800 patients, which upon literature review, is larger by far than any prior published cohort examining MVD in RCC. Moreover, this cohort is well-annotated with standardized data and represents the largest cohort enrolled on a multi-institutional adjuvant clinical trial in RCC. A shortcoming of past clinicopathologic studies on MVD has been the lack of standardized treatment in the study population. By studying tissue from patients on E2805, the variability in treatment is removed as these patients were treated in a more uniform manner. Additionally, our methods for MVD measurement are objective and automated. Median MVD score was chosen as a cutoff because this is unbiased and is justified by our data showing that the two higher MVD score quartiles had improved OS compared to the two lower MVD score quartiles. High MVD in our analysis also correlated with more favorable pathologic features including lower Fuhrman grade, clear cell histology, and absence of necrosis, which further substantiates the notion that high MVD correlates not just with OS, but also with more favorable pathologic characteristics of the tumor.
A noted limitation of our study is that data on treatment type at time of RCC relapse is unavailable for the trial, and therefore we acknowledge that this could potentially impact survival outcomes. Additionally, MVD was highest in the clear cell histologic subtype and is clearly prognostic, however further study of MVD is needed in the non-clear cell RCC histologic subtypes, which represented only 18% of the cohort.
In conclusion, high MVD is associated with improved OS in this cohort of 822 high-risk RCC patients for which primary RCC tissue was available for analysis. Although the association with survival was stronger in the placebo group than in patients treated with antiangiogenic agents, the addition of MVD in nephrectomy specimens significantly improved a RCC prognostic model when accounting for variables contained in the validated UISS prognostic model. Further studies are warranted to confirm whether incorporating MVD into prognostic models will improve our ability to select high-risk RCC patients for enhanced surveillance and adjuvant therapy trials with agents other than anti-angiogenic TKIs, such as immunotherapy or other investigational drugs.
Statement of Translational Relevance
Current prognostic models for patients with non-metastatic renal cell carcinoma (RCC) incorporate clinical and histological variables; none incorporate tissue-based biomarkers. Here we explored the prognostic and predictive implications of tumor microvessel density (MVD) as measured by the area of CD34-staining cells within tumors obtained from nephrectomies of high-risk RCC patients enrolled on ECOG-ACRIN 2805 who were treated with adjuvant sunitinib, sorafenib, or placebo. We found that high MVD is associated with improved prognosis, and was independent of other currently-used prognostic markers on multivariable analysis. The stronger association between high MVD and improved survival in the placebo arm compared to the treatment arm indicates that MVD is a prognostic, rather than predictive, biomarker in this setting. Further studies are warranted to confirm whether incorporating MVD into prognostic models will improve our ability to select high-risk RCC patients for enhanced surveillance programs and adjuvant therapy trials. Clin Cancer Res. Author manuscript; available in PMC 2019 January 01.
